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The transport of ﬂuids in industrial units takes place usually inside cylindrical ducts. Multiphase systems
ﬂowing inside pipes are very common and many times there are also mass, energy and momentum trans-
fer. Two-phase ﬂow is found in many petrochemical processes, as is the case of preheating furnaces
where normally the liquid vaporizes as it ﬂows inside the heater. In the great majority of these heaters,
there is a phase change from liquid to gas. The objective of this work is to simulate the two-phase gas–
liquid ﬂow of crude oil inside pipes of petrochemical ﬁred heaters with the use of a Computational Fluid
Dynamics (CFD) model to be later used in the prediction of coke formation through a thermal cracking
model and a ternary solubility diagram for the petrol feed, according to Souza et al. [28]. The CFD free
software OpenFOAM was used. There is a growing interest in the use of the OpenFoam project and many
successful models have been implemented using this software. New routines were implemented to esti-
mate temperature and concentration inside the tube, taking into consideration the interaction between
the phases. To estimate the momentum it was used a phase intensive formulation for dispersed two-
phase ﬂow already implemented in OpenFOAM. The temperature proﬁles were predicted. The k-epsilon
model was used to describe the turbulence and a vaporization model was implemented to estimate the
phase change. A kinetic reaction net for crude oil with seven lumps was used in order to predict the ther-
mal cracking of the crude oil.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
The ﬂuid ﬂowing inside circular tubes, or ducts, is the most
common type of ﬂow in industrial units. The transport of ﬂuids
among operation units of an industry usually takes place inside
cylindrical ducts. In the petrochemical industry a problem that oc-
curs during such transport is the formation of coke inside the pipes
of ﬁred heaters due to thermal cracking of the oil, which happens
in most operations under high temperatures. This cracking reac-
tion leads to the deposition of coke on the walls of these ducts.
The deposition, in turn, increases pressure drop and causes thell rights reserved.
x: +55 19 3521 3910.
ez).equipment shutdown for cleaning of the coke deposited inside
the tubes. Since the oil is composed of a complex mixture of hydro-
carbons, many of them unknown, it is difﬁcult to predict the reac-
tions that occur for each chemical species. A way to circumvent
this problem is by considering that the feed molecules can have
its behavior represent by a small number of representative mole-
cules, called pseudo-components. These groups are composed by
chemical species, which are grouped according to the similarity
of their properties. Thus, the transport equations are applied only
to the pseudo-components. A work using a pseudo-components
approach was made by Matos and Guirardello [18] who used a ki-
netic model based on the kinetic net proposed by Krishna and Sax-
ena [15] in which the chemical species involved in the process of
hydrocracking of heavy oil fractions are grouped and classiﬁed as
aromatics, polychlorinated, naphthalenes and parafﬁns. They
Nomenclature
ai interfacial area (m1)
Yi mass fraction of component i (–)
Cl constant (0.09)
C1 constant (1.44)
C2 constant (1.92)
Cp heat capacity (J kg1 K1)
D diffusivity (kg m1 s1) or tube diameter (m)
d particle diameter (m)
f friction factor
g gravitational acceleration (m2 s1)
H enthalpy (J kg1)
h heat transfer coefﬁcient (W m2 K1)
k kinetic constant of reaction (m3 kg1 s1) or turbulent
kinetic energy (m2 s2)
M Mass generation or consumption (kg m3)
Nu Nusselt number (–)
p static pressure (Pa)
Pk shear production of turbulence (Pa s1)
Pr Prandtl number (–)
Q heat (J s1)
R reaction rate (kg m3 s1) or universal gas constant
(J kg1 K1)
Re Reynolds number (–)
Sc Schmidt number (–)
T Temperature (K)
T Reynold stress tensor (m 2 s2)
t time (s)
U velocity vector (m s1)
Greek letters
e volume fraction (–)
 turbulence dissipation rate (m2 s3)
j thermal conductivity (Wm1 K1)
k thermal diffusivity (m2 s1)
l molecular viscosity (Pa s)
m kinematic viscosity (m2 s1)
q density (kg m3)
rk constant (1.00)
r constant (1.30)
Subscripts and superscripts
b boiling
cond condensation
conv convective
g gas phase
l liquid phase
lam laminar
i species
r relative
reac reaction
t tube
turb turbulent
w wall
vap vaporization
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components reproduced the data found in the literature and can
be applied to different oils and in different conditions of operation.
The asphaltenes are present in crude oils and is an important
class of compounds to be considered in this work. They represent
a complex mixture of hydrocarbons that are deﬁned by their solu-
bility characteristics and not by an speciﬁc chemical classiﬁcation.
The precipitation of asphaltenes depends on the stability of com-
plex colloidal systems. The composition acts as the main cause
for the deposition of asphaltenes, but the pressure and tempera-
ture are also important factors in the occurrence of this phenom-
ena, especially temperature. Thus, any change in pressure,
temperature or composition can cause polymerization of asphalte-
nic molecules, generating clusters which increase in size and can
lead to coke deposition on the tube walls. Asphaltenes tend to set-
tle in areas close to regions of low temperature or low ﬂuid
velocity.
Mansoori and Leontaritis [17] proposed a model to predict the
ﬂocculation of asphaltenes, known as colloidal model, which is
based on the assumption that the asphaltenes exist in oil as sus-
pended solids, in colloidal form and stabilized by resins adsorbed
on its surface. In a given system, in which the type and amount
of oil and of asphaltenes are ﬁxed, a change in concentration of res-
ins will cause a variation in the amount of resins that are adsorbed
on particles of asphaltenes. If this change is such that the amount
of resins is insufﬁcient to cover the entire surface of the particles,
such resins will aggregate and end up precipitating. There are cur-
rently some works where kinetic nets are proposed for the thermal
cracking reaction of the oil. In the study by Souza et al. [28] the ki-
netic net present in Mendonça Filho [19] was used.
Souza et al. [28] developed a numerical model for single-phase
ﬂow inside cylindrical ducts applied to petrochemical ﬁred heaters.
The ﬂow equations that govern this phenomena were numerically
integrated using a ﬁnite volume scheme. An interesting feature ofthis formulation is that the model is parabolic, which makes it
much faster then the simulation performed by commercial pack-
ages. Their goal was to determine the operational conditions which
might minimize coke formation due to the thermal cracking of the
feed. In order to predict coke formation, the model uses a ternary
diagram to test whether the pseudo-component asphaltene precip-
itates (only asphaltene can lead to coke formation). Their approach
is unique in the literature. This work follows their model extending
it to a three-dimensional two-phase ﬂow. There are also works that
consider asphaltenes as a single pseudo-component with average
properties that represent the entire family (monodispersed mod-
els) and others in which they are represented by a distribution
function composed of several smaller fractions, each with its own
property (polydispersed models).
The aim of this work is to simulate the two-phase gas–liquid
ﬂow of crude oil inside petrochemical ﬁred-heater pipes with the
use of Computational Fluid Dynamics (CFD). The ﬁnite volume
method (FVM) was used. The free CFD software OpenFOAM de-
scribed in OpenCFD Ltd. [24] and OpenCFD Ltd. [25] was used. This
software allows easy addition of new models and routines. There is
a growing interest in the use of this software both in academic and
industrial research [23]. Some examples of the use of this software
are the works of Wardle [30], and Gandhir and Wardle [4] with
applications for the Argonne National Laboratory in the USA and
by Migliaccio et al. [22] and Gopalakrishnan and Schmidt [6]. An
eulerian–eulerian model for the momentum equations of two-
phase ﬂows is already implemented. New routines were imple-
mented to estimate temperature and concentrations inside the
tube, taking into consideration the interaction between the phases.
The temperature proﬁles were predicted. The k-epsilon model was
used to describe the turbulence and a vaporization model was
implemented to estimate the phase change. A kinetic net for crude
oil with seven lumps was used in order to predict the thermal
cracking of the crude oil.
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et al. [20] and Souza et al. [28] through the implementation of a
three-dimensional gas–liquid two-phase model due to vaporiza-
tion of the petrol and later predict coke formation inside the tube.
The idea is to predict operational conditions which minimize the
formation of coke (using the kinetic model for thermal cracking)
which will allow safer equipment operating conditions. The com-
plete model is actually a three-phase ﬂow since coke is present
in the solid form. However, it is assumed that coke is dissolved
in the liquid phase and the presence of the coke is determined with
the use of the ternary diagram.
2. Mathematical model
This mathematical formulation considers two phases (liquid
and gas) ﬂowing concurrently inside a cylindrical tube. The liquid
phase is the continuous phase and the gas is the dispersed phase.
This approach is deﬁned as a two-ﬂuid model. In this model, the
dispersed phase is treated as a second continuous phase intercon-
nected and interacting with the continuous phase. The conserva-
tion equations (mass, momentum and energy) are developed for
the two ﬂuids, including coupling terms in the equations to ac-
count for the mass, momentum and energy interaction between
the two phases. This implementation allows that the discrete
phase behaves as a continuous phase. A two-phase eulerian model
for momentum transfer was implemented In OpenFOAM based on
the work by Rusche [26]. This work uses a model denominated
phase intensive formulation. The use of this formulation is neces-
sary to guarantee stability in the simulations that could otherwise
be generated with the presence of high concentrations of any of the
fractions (gas or liquid). Since this is expected because gas ﬂows to
the upper part of the horizontal tube, the above formulation is sui-
ted for this problem. Starting with this solver, new subroutines for
the species concentration and temperature estimation for each
phase was implemented. Phase change is also considered.
2.1. Eulerian liquid–gas ﬂow model
An Eulerian two-phase ﬂow model is used in this formulation,
so liquid and dispersed gas particles are treated as an interpene-
trating continuum. The governing conservation equations are.
2.1.1. Continuity equations
The continuity equation for the gas phase was based on Rusche
[26] and the gas fraction generation or consumption was included
@ea
@t
þr  ðUeaÞ þ r  ðUreað1 eaÞÞ ¼ ðMvap McondÞqa
ð1Þ
where U = elUl + egUg is the mean velocity; Ur = Ug  Ul is the rela-
tive velocity;Mvap is the mass rate of vaporization;Mcond is the mass
rate of condensation; q is the density; g represents the gas phase; l
indicates liquid phase and e is the volume phase fraction.
2.1.2. Momentum equations
The gas and liquid phase momentum equations may be ex-
pressed as
@Ua
@t
þ Ua  rUa r  Teffa 
rea
ea
 Teffa ¼ 
rp
qa
þ gþ Fa
eaqa
ð2Þ
and the Reynolds stress tensor is given by
Teffa ¼ leffa rUa þrUTa 
2
3
Ir  Ua
 
þ 2
3
Ika ð3Þ
where Fl = Fg are the total momentum interface forces given by
the sum of drag, lift, virtual mass and turbulent drag. Theexpression of these forces can be found in Rusche [26]. This work
only evaluates drag, lift and virtual mass.
The pressure–velocity coupling method PISO (Pressure Implicit
with Splitting of Operators) presented by Issa [8] was adopt in this
work for solving the velocity and pressure equations in unsteady
simulation. This method needs no under-relaxation.
2.1.3. Turbulence equations
The standard k   model for two-phase ﬂow present by Gos-
man et al. [5] is used to represent the turbulence effect for the li-
quid phase according to Eqs. (4) and (5). They are used to
determine k and :
@kl
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þ ðUl  rÞkl r  m
eff
l
rk
rkl
 !
¼ Pk  l þ Sk ð4Þ
@l
@t
þ ðUl  rÞl r  m
eff
l
r
rl
 !
¼ l
kl
ðC1Pk  C2lÞ þ S ð5Þ
The effective viscosity of the liquid is the sum of the molecular
viscosity with the turbulent viscosity and can be expressed by
leffl ¼ llaml þ lturbl ð6Þ
where the turbulent viscosity is given by
lturbl ¼ Clql
k2

ð7Þ
where rk; r; Cl; C1 and C2 are constants of the k   model and Pk
is the turbulence production, which is given in
Pk ¼ lturbl rUl  rUl þ ðrUlÞT
 
ð8Þ
The two parameters k and model is a simple representation for
turbulence. However, since turbulence is not the main aspect
investigated in this work, it should sufﬁce for this initial two-phase
model. The main objective of this work is to predict coke formation
using the kinetic net, so we only need to characterize turbulence to
properly estimate the reactions. The advantage of using this turbu-
lence model is that it has been already implemented for two-phase
ﬂows inside OpenFOAM and it has been already tested in many
works [26,27,3].
2.2. Heat transfer model
The eulerian–eulerian two-phase model for energy estimation
was based on the work described by Ishii and Hibiki [7]. The phase
intensive formulation is used.
@Ta
@t
þ Ua  rðTaÞ  r  ðkeffa rTaÞ 
rea
ea
 ðkeffa rTaÞ
¼ Ca
eaqa
Hvap þ aieaqa
hconva ðTb  TaÞ þ
Qw;a
eaqa
ð9Þ
In this equation, Ca represents the generation or consumption
of mass in the phase change. The interfacial area is given by
ai ¼ 6elegeldl þ egdg ð10Þ
And the thermal diffusivity is expressed by
keffa ¼
jeffa
qaCpa
ð11Þ
For turbulent ﬂow, the effective thermal conductivity jeffa is given
by
jeffl ¼ jlaml þ jturbl ð12Þ
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quid temperature Tl is greater then the average boiling temperature
Tb. The evaporated mass is calculated according to
Mvap ¼ Qw;lHvap ð13Þ
where the wall energy is given by
Qw;l ¼ eahconvl
4
Dt
 
ðTw  TlÞ ð14Þ
and the convective heat transfer coefﬁcient inside pipes for the li-
quid phase is described in Bergman et al. [1] and expressed by
hconvl ¼
keffl Nul
Dt
ð15Þ
where Nul is the Nusselt number obtained by
Nul ¼ ðf=8ÞðRe 1000ÞPr
1þ 12:7ðf=8Þ1=2ðPr2=3  1Þ
ð16Þ
here Re and Pr are the admensional Reynold and Prandtl numbers
and f is the friction factor and can be obtained by
f ¼ ð0:7 lnRe 1:64Þ2 ð17Þ
Mass condensation occurs when the gas temperature Tg is less than
the saturation temperature Tb and can obtained by
Mcond ¼
Qg;l
Hvap
ð18Þ
where the energy transfer for condensation is.
Qg;l ¼ aihconvg ðTg  TbÞ ð19Þ
Michita [21] consider that the hconvg is the heat transfer coefﬁ-
cient for condensation at the interface as described in the work
by Wolfert [31]. Assuming that bubbles are at saturated condition.
hconvg ¼ qlCpl
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 
s
ð20Þ2.3. Thermal cracking kinetic model
A group of seven pseudo-components is used to predict the
thermal cracking of the petroleum. The kinetic net used in this
work is based on the modiﬁed model present by Köseoglu and Phil-
lips [10–14] and Komatsu et al. [9] and the cracking is only for the
liquid phase. The kinetic net is shown in Fig. 1.
For each species (pseudo-components) in the liquid, one trans-
port equation is obtained byFig. 1. Kinetic net of the thermal cracking of petroleum based on the modiﬁe@Yi;a
@t
þ Ua  rðYi;aÞ  r  Deffa rYi;a
 
rea
ea
 Deffa rYi;a
 
¼ Rreaci;a
ð21Þ
For turbulent ﬂows, it is consider that the Schmidt number ap-
proaches unity.
Sc ¼ m
eff
l
Dl
 1 ð22Þ
Thus, the mass diffusivity can be approximated by the kine-
matic viscosity:
Dl ¼ meffl ð23Þ
The reaction rates for seven pseudo-components are given by
Mendonça Filho [19] and are expressed by
Rdistillate;l ¼ k1Ysaturated;l ð24Þ
Rsaturated;l ¼ k2Yaromatics;l  k1Ysaturated;l ð25Þ
Raromatics;l ¼ k3Yresins;l  k2Yaromatics;l ð26Þ
Rresins;l ¼ k5ðYasphsol;l þ Yasphmeso;lÞ  ðk2 þ k4ÞYresins;l ð27Þ
Rasphsol;l ¼ k4Yresins;l  k5Yasphmeso;l ð28Þ
Rasphmeso;l ¼ k4Yresins;l  ðk5 þ k6ÞYasphsol;l ð29Þ
Rcoke;l ¼ k6Yasphmeso;l ð30Þ
The reaction rate coefﬁcients are given by
ki ¼ 13600 exp A
B
RTl
 
ð31Þ
In this equation A and B are parameters that differ for each reaction
and R is the universal gas constant. The subscripts asphsol and
asphmeso indicate soluble asphaltenes and asphaltenes in
mesophase.
3. Simulation
The free opensource software for CFD OpenFOAMwas used gen-
erate the model. The momentum and turbulence equations were
already implemented in OpenFOAM. New subroutines where
added to estimate the phase change, heat and mass transfer, so a
new eulerian–eulerian two-phase model was developed. An hori-
zontal cylindrical geometry of 25 m of length and a diameter of
0.152 m was constructed to represent a segment of the industrial
ﬁred heater tube as shown in Fig. 2.
A grid independence test was carried out with three hexaedrical
meshes containing 442,000, 552,000 and 663,000 elements using
the O-grid technique to avoid mesh distortion. The pressure drop
relative error between the three meshes was analyzed showing a
relative error of 3.6% for the pressure drop when comparing thed model of Köseoglu and Phillips [12] describe in Mendonça Filho [19].
Fig. 2. Geometry of the ﬁred heater tube.
Table 1
Kinetic constants for the reactions.
Reaction A B
1 29.9 175000
2 23.43 136000
3 13.57 85000
4 17.07 96000
5 19.34 103000
6 27.54 168000
Table 2
Arabian light mass fraction for the pseudo-
components at the inlet.
Pseudo-component Yi
Distillate 0.00
Resins 0.37
Saturated 0.15
Aromatics 0.37
Asphaltenes 0.11
Coke 0.00
Table 3
Athabasca bitumen mass fraction for the
pseudo-components at the inlet.
Pseudo-component Yi
Distillate 0.00
Resins 0.17
Saturated 0.05
Aromatics 0.23
Asphaltenes 0.55
Coke 0.00
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should be highlighted that pressure is much more mesh sensitive
than the velocities. It was considered that the 552,500 mesh ele-
ments was adequate. The mesh domain is a cylindrical tube geom-
etry of 25 m in length and diameter of 0.152 m. The mesh contains
500 elements in the axial direction, 13 elements in each direction
of the internal o-grid block and 18 elements in radial region for the
other four external blocks composing the o-grid. The mesh quality
indicates a average non-orthogonality of 4.74, maximum aspect ra-
tio of 56.55 and the maximum skewness was around 0.48. The
mesh can be seen in Fig. 3.
Due to the phase separation, the gas tends to accumulate at the
top of the tube and due to this reason the phase intensive formu-
lation was adopted.
For simulation purposes, a wall temperature of 723 K is consid-
ered. The reaction rate depends heavily on the temperature. Table 1
shows the kinetic constant of reaction parameters.
The mass fraction of the pseudo-components are presented in
Table 2 for the Arabian light oil and in Table 3 for the Athabasca
bitumen.
The same strategy of Souza et al. [28] to predict coke formation
using a ternary diagram (Takatsuka et al. [29]), shown in Fig. 4, was
used instead of using a thermodynamic model. The model consid-
ers that the pseudo-component asphaltene is the only one that
leads to coke formation and its formation is associated with the
amount of asphaltene formed. The logic is that the more the
asphaltenes are formed the more coke will tend to precipitate at
the tube walls.
In order to evaluate the phase change and coke formation two
situations were carried out and compared. Table 4 presents the
operational conditions using a average boiling temperature of
603K for the Arabian light oil and Table 5 uses an average boiling
temperature of 615 K for the Athabasca bitumen.Fig. 3. Mesh used in the simulation of an industrial ﬁred heater tube.
Fig. 4. Ternary compatibility control diagram.
Table 4
Initial and boundary conditions used in the simulations.
Variable Inlet Outlet Walls
Ul (0 0 1.5) rUl = 0 0.0
Ug (0 0 1.5) rUg = 0 0.0
el 1.0 rel = 0 r el = 0
eg 0.0 reg = 0 r eg = 0
p rp = 0 pref + q(gh + gxref) r p = 0
Tl 583 rTl = 0 rTl = 0
Tg 603 rTl = 0 rTl = 0At the beginning of the tube there is only liquid present. How-
ever the coupled equations for the liquid and gas phase have to be
Fig. 5. Comparison of the estimated pressure gradient by the CFD model and the
correlation using friction factor for turbulent ﬂow.
Fig. 6. Comparison of the estimated velocity by the CFD model and the experi-
mental data in the radial position for fully turbulent ﬂow by Laufer [16].
Fig. 7. Gas volume fracti
Table 5
Initial and boundary conditions used in simulations.
Variable Inlet Outlet Walls
Ul (0 0 1.5) rUl = 0 0.0
Ug (0 0 1.5) rUg = 0 0.0
el 1.0 rel = 0 r el = 0
eg 0.0 reg = 0 r eg = 0
p rp = 0 pref + q(gh + gxref) rp = 0
Tl 595 rTl = 0 rTl = 0
Tg 615 rTl = 0 rTl = 0
D.V.R. Fontoura et al. / Fuel 110 (2013) 196–203 201solved simultaneously. As a consequence, there is a need to input
negligible values of volume fraction for the gas phase at the tube
entrance for the problem setup.
At the tubewalls itwasapplied theadiabatic boundary condition,
i.e., dT/dn = 0 following the work byMichita [21]. To account for the
heat that comes from outside there is the addition of heat at the cell
volumes adjacent to the tube walls. This was done since there is a
need to implement a heat ﬂux boundary condition in this two-phase
model. Michita [21] observes that even though this procedure does
not follow the real ﬂow phenomena, the results were almost identi-
cal to tests imposing a non-zero uniform gradient at the wall.4. Results and Discussion
To test the OpenFOAM model it would be necessary to have
experimental two-phase ﬂow data to compare with the results of
the simulations. However, the literature does not present data for
this process. In order to help in the validation of the model, the
model was tested for some situations where it was possible to
compare it with experimental results. For example, the Fanning
Equation is available to estimate the pressure drop in disperse
two-phase ﬂows. So a test was carried out to test the model. The
pressure gradient estimated by a CFD simulation was compared
with the values estimated by the Fanning Equation using the Bla-
sius friction factor correlation [2]. The results are shown in Fig. 5
and exhibit a very good agreement. The relative error was below
5% for all Reynolds number analyzed.
Unfortunately no data was found to compare the velocity pro-
ﬁle of this CFD model with experiments. There are, however, many
single phase ﬂows reported in the literature. A test was carried out
and the continuous CFD velocity proﬁle of this model was compare
with the experimental data by Laufer [16] for gas turbulent ﬂow
inside a pipe with continuous phase fraction value 1.0. The admen-
sional results estimated by the CFD model shows a very good
agreement, as can bee seen in Fig. 6.
Fig. 7 shows the gas volume fraction after 25 s. Time needed for
the transient simulation reach a pseudo steady-state condition. It
can observed that the gas volume accumulates at the upper part
of the tube. This is expected because of the horizontal position of
the tube and the differences between the densities of the phases
causing this behavior.
After 25 s the gas holdup inside the tube was about 2.9% for the
Arabian crude oil and 1.86% for Athabasca bitumen. As expected,
the gas holdup for the Arabian light was higher than the Athabasca
bitumen, since it is a lighter feed.
The higher temperatures of the liquid are present near the walls
due to the heat received. The liquid temperature proﬁles are shown
in Fig. 8.on proﬁle after 25 s.
Fig. 8. Liquid temperature proﬁle after 25 s.
Fig. 9. Streamline proﬁles of liquid Ul and gas Ug for Arabian light crude oil at Tb = 603.15 K.
Fig. 10. Streamline proﬁles of liquid Ul and gas Ug for Athabasca bitumen at Tb = 615 K.
202 D.V.R. Fontoura et al. / Fuel 110 (2013) 196–203This ﬁrst model considers that the boiling of the liquid phase is
limited to a single boiling temperature, whereas the petrol vapor-
izes in a large temperature range. This aspect is being implemented
in a future model and it is important to be considered since the
boiling temperature of the petrol increases as it ﬂows inside the
tube.
Fig. 9 shows the gas and liquid streamline proﬁles for the Ara-
bian crude oil. It can be observed in Fig. 9(a) the turbulent move-
ment of the liquid showing the interaction with the gas phase.
Fig. 9(b) shows the gas being formed and rising quickly to the
upper part of the tube.
Fig. 10 shows the gas and liquid streamline proﬁles for the Ath-
abasca bitumen. The same behavior observed for the Arabian light
was noticed for the Athabasca bitumen. However, a smaller gas
volume fraction was observed.This ﬁrst model simulates only a tube length of 25 m at the en-
trance of the ﬁred heater. The predicted ﬂuid temperatures did not
reached values high enough where high conversion rates and high-
er coke formation would be expected. Due to this a negligible for-
mation of coke was predicted.5. Conclusions
The proposed eulerian–eulerian model showed robustness for
the simulated cases. Further reﬁnement of the model will require
a more comprehensive vaporization model.
The phase intensive formulation used in this work applies the
phase fraction to only one term of the transport equation reaea
 
,
making it possible to attain to a numerical solution giving stability
D.V.R. Fontoura et al. / Fuel 110 (2013) 196–203 203to the model even with high phase fractions. The energy and mul-
ticomponent mass transport equations were solved numerically
according to this formulation and it was observed a good stability
in the estimation of temperature and mass fractions.
The use of hydrostatic pressure boundary conditions for this
two-phase ﬂow was implemented for a stable pressure–velocity
coupling.
Coke concentration is higher in regions where liquid tempera-
ture is higher. This behavior is expected since coke is generated
in regions of high temperature.
The non symmetric behavior of this two-phase three-dimen-
sional ﬂow inside ﬁred heater tube was readily observed as shown
by the streamlines.Acknowledgement
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